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The Human Polycomb Group EED Protein Interacts with the
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Human EED, a member of the superfamily of WD-40 repeat proteins and of the Polycomb group proteins, has
been identified as a cellular partner of the human immunodeficiency virus type 1 (HIV-1) matrix (MA) protein
(R. Peytavi et al., J. Biol. Chem. 274:1635-1645, 1999). In the present study, EED was found to interact with
HIV-1 integrase (IN) both in vitro and in vivo in yeast. In vitro, data from mutagenesis studies, pull-down
assays, and phage biopanning suggested that EED-binding site(s) are located in the C-terminal domain of IN,
between residues 212 and 264. In EED, two putative discrete IN-binding sites were mapped to its N-terminal
moiety, at a distance from the MA-binding site, but EED-IN interaction also required the integrity of the EED
last two WD repeats. EED showed an apparent positive effect on IN-mediated DNA integration reaction in
vitro, in a dose-dependent manner. In situ analysis by immunoelectron microscopy (IEM) of cellular distri-
bution of IN and EED in HIV-1-infected cells (HeLa CD4" cells or MT4 lymphoid cells) showed that IN and
EED colocalized in the nucleus and near nuclear pores, with maximum colocalization events occurring at 6 h
postinfection (p.i.). Triple colocalizations of IN, EED, and MA were also observed in the nucleoplasm of
infected cells at 6 h p.i., suggesting the ocurrence of multiprotein complexes involving these three proteins at
early steps of the HIV-1 virus life cycle. Such IEM patterns were not observed with a noninfectious, envelope

deletion mutant of HIV-1.

Integration of the proviral DNA into the host cell genome
has been considered an obligatory step of the human immu-
nodeficiency virus type 1 (HIV-1) life cycle, as for all known
retroviruses (20, 35). The host DNA sites for retroviral inte-
gration have been long debated. Although it has been reported
that integration events are statistically more frequent in inac-
tive than active chromatin (11, 81, 82), other data suggest that
retrovirus integration preferentially occurs in transcriptionally
active chromatin (65) and in regions of DNA distortion (57—
59). Recent studies have confirmed that transcriptional units
are preferred targets for both murine leukemia virus (MLV)
and HIV-1 (66, 83), but refined mapping of integration sites
has revealed significant differences between HIV-1 and MLV,
the latter preferentially integrating near the start of transcrip-
tion (83). Whatever the scenario followed by the different types
of retroviruses in their host cells, it is reasonable to assume that
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proteins which control the state of cellular chromatin would
play a key role in the integration of HIV proviral DNA and,
possibly, in further steps of the virus life cycle. The viral RNA
genome is retrotranscribed by the reverse transcriptase (RT)
into a double-stranded DNA molecule, which is the substrate
for the viral integrase (IN) in the integration reaction. The RT
reaction starts within the central core of extracellular virions,
before they bind to the surface of the host cell, and is com-
pleted after the virus enters the cell (reviewed in references 5,
30, and 35). The final reaction takes place after partial uncoat-
ing of the HIV-1 particle, within a protein-nucleic acid com-
plex termed preintegration complex (PIC). PIC competent for
integration reaction in vitro has been isolated from HIV-1-
infected cells (20, 43, 48, 49).

It is generally recognized that PIC is composed of linear
double-stranded DNA, RT, IN, matrix protein (MA), nucleo-
capsid protein (NC), and auxiliary protein Vpr (reviewed in
references 13, 16, 30, and 71). One of these components, the
MA protein, has been identified as an effector of various bio-
logical functions in the virus life cycle (reviewed in reference
23). Since the MA carries a potential nuclear localization sig-
nal, it has been hypothesized to mediate the transport of PIC
to the cell nucleus and its traverse of the nuclear pore complex
(6, 7, 26, 27). However, the observation that a mutant HIV-1
virus with most of the MA domain deleted was still capable of
infecting nondividing cells (60) argued against a major role of
the basic MA sequences in the nuclear import of the PIC, and
other data seem to assign this function to the Vpr protein (13,
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16, 22, 71), IN (2, 52), and the central DNA flap (18, 85).
Several cellular proteins such as high-mobility-group proteins
(19, 28), the barrier-to-autointegration factor (41), IN interac-
tor 1 (Inil) (40, 48, 84), and human lens epithelium-derived
growth factor (LEDGF/p75) (45), have been identified as part-
ners of IN and/or cofactors of integration reaction, and at least
one of them, the barrier-to-autointegration factor, has been
found to be associated with PIC of MLV and HIV-1 (43, 77).
These proteins could participate, directly or indirectly, in the
cellular trafficking of PIC and/or in provirus integration.

One of the cellular partners of the HIV-1 MA protein has
been identified as EED (54), the human homolog of the mouse
embryonic ectoderm development (eed) gene product (51, 67,
68, 74), and a member of the WD-40 repeat superfamily of
proteins (50). The eed gene is highly conserved in humans and
mice and is also homologous to the Drosophila esc gene. Both
eed and esc belong to the family of widely conserved Polycomb
group (Pc-G) of genes (17, 51). EED and many other proteins
of the Pc-G family act as transcriptional repressors and gene
silencers (1, 3, 17, 64, 67, 68, 74). The product of the Pc-G
genes in eukaryotes are involved in chromatin remodeling and,
in particular, in the maintenance of the silent state of chroma-
tin (reviewed in reference 55) and the reduction of DNA
accessibility (21). EED has also been found to colocalize with
histone H1 in heterochromatin subdomains of neuronal cell
nuclei containing inactive DNA (1).

Previous studies have indicated that MA, RT, and IN pro-
teins are each a component of HIV-1 PIC (26, 27, 49). Since
MA has been found to bind to cellular EED (54), we explored
the possibility of a protein-protein interaction between EED
and IN and of the occurrence of a ternary complex of EED,
MA, and IN. We found that IN and EED proteins were indeed
able to interact in vitro, as well as in vivo, in yeast. In human
cells infected with HIV-1 (HeLa CD4™" cells or MT4 lymphoid
cells), in situ analysis by immunoelectron microscopy (IEM)
showed that EED, IN, and MA proteins colocalized within the
nucleus, with a maximum number of colocalization events oc-
curring at 6 h after infection. Such patterns of nuclear colo-
calization were not observed in cells incubated with a nonin-
fectious, envelope deletion mutant of HIV-1. Our data suggest
that EED, a cellular partner of both MA and IN, would play a
functional role in the HIV-1 life cycle, acting at early steps of
virus infection.

MATERIALS AND METHODS

Cells, HIV-1 viruses and virus infection. Human embryonic kidney cells
(HEK-293) and epithelial cells (P4P56) (HeLa CD4", Ick+, LTR-LacZ) (52)
were grown in Dulbecco modified Eagle medium (Gibco), supplemented with
glutamine, antibiotics, and 10% fetal calf serum. MT4 lymphoid cells were grown
in RPMI medium with the same supplements. The construction of HIV-1 BRU
infectious molecular clone expressing the viral IN fused to the Flag epitope has
been described in a previous study (53). It is abbreviated as BRU-FlagWT in the
present study. BRU-FlagAEnv mutant was derived from the BRU-Flag virus, by
a deletion in the env gene (KpnI-BglIl, nucleotides 6343 to 7600 of the sequence
of the NL43/2 clone). Viruses were produced by transfection of the correspond-
ing plasmids as previously described (69). Supernatants were analyzed for HIV-1
p24 antigen content, and infectivity titers are expressed here in nanograms of p24
per milliliter (53). Aliquots of MT4 and P4P56 cell samples (4 X 10° cells) were
infected at a multiplicity of infection of 150 ng of p24 antigen per 10° cells, i.e.,
ca. 1,000 virus particles per cell, considering the latest estimate of 4,000 to 5,000
copies of CA per HIV-1 virion. In negative control experiments, cells were
treated with 15 uM zidovudine (AZT), which was added 3 h before infection and
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maintained throughout the infection period. Cells were harvested at 0 (mock-
infected cells), 1.5, 6, and 24 h postinfection (p.i.); fixed in 0.5% glutaralde-
hyde—4% paraformaldehyde; and processed for IEM.

Yeast two-hybrid assays. (i) Generation of the DNA-binding LexA-IN hybrid
(Fig. 1A). The portion of the HIV-1gg, pol gene segment coding for the IN was
cloned in frame with the DNA-binding Lex4 gene into the pBTM116 vector (47).
The sequence of the construct was verified by DNA sequencing, and the expres-
sion of recombinant fusion protein in yeast was confirmed by gel electrophoresis
and immunoblot analysis with anti-IN polyclonal antibody as described below.
(ii) Generation of the pGAD-EED (Fig. 1A). The cDNA of wild-type (WT)
EED (54) was inserted into the EcoRI and NotI sites of the Gal4 transcription
activation domain vector pGAD3S2X, a modified version of the pGAD GH
(Clontech) containing a NotI site in its polylinker. This resulted in a Gal4
activation domain AD-EED hybrid. In the hybrid mutant AD-EED-305A4 the
tetrapeptide motif HNRY from positions 305 to 308 was replaced by the tet-
rapeptide AAAA, and in AD-EED-300AI the dipeptide motif ST at positions
300 and 301 was replaced by AL (iii) The two-hybrid assays were performed as
described in a previous study (54).

Bacterially expressed IN and EED recombinant proteins. The full-length, WT
HIV-1 BRU IN, and various deletion mutants of IN were expressed in bacteria
as glutathione S-transferase (GST) fusion proteins (GST-IN) (56). Their sche-
matic structure and domains are presented in Fig. 1B, along with their acronyms.
Likewise, full-length WT human EED was expressed as a GST fusion protein
(GST-EED-441) by using the pGEX-KG plasmid (32). EED C-terminal deletion
mutant was generated by insertion of a TGA stop codon at position 349 of
GST-EED-441, yielding mutant protein GST-EED-C348. In the substitution
mutant GST-EED-103A3, the tripeptide motif WHS from positions 103 to 105
was replaced by the tripeptide AAA. Various forms of EED and IN were also
also expressed as Hisg-tagged proteins (Fig. 1B) by using the pT7-7 IPTG-
inducible promoter (14). This was the case for the full-length versions of EED
(tagged at its C terminus and abbreviated EED-441-H6) and of IN (tagged at its
N terminus and abbreviated H6-IN-WT) and for the N and C terminally deleted
versions of IN (abbreviated H6-IN-AN and H6-IN-AC, respectively). Mutagen-
esis was performed by using PCR and splicing by overlap extension (34, 38).
Mutant sequences were verified by DNA sequencing.

Purification of recombinant tagged proteins and affinity pull-down assays.
Bacterial cells expressing the desired protein were centrifuged and resuspended
at 1 to 2 g (wet weight) per 2 to 5 ml of lysis buffer (10 mM Tris-HCI [pH 8.0],
5 mM MgCl,, 1 mM EDTA, 1% Triton X-100, 1 mM phenylmethylsulfonyl
fluoride) and then disrupted by sonication. After incubation for 30 min in the
presence of a broad-spectrum endonuclease (Serratia marcescens Benzonase;
Sigma) at 100 U/ml of sample, the lysates were clarified by centrifugation at
100,000 X g for 45 min. GST fusion proteins were purified by adsorption on a
glutathione-Sepharose gel and recovered by elution with a glutathione-contain-
ing buffer or by thrombin cleavage of the GST linker by using a commercial kit
(Bulk GST Purification Module; Pharmacia Biotech). For purification of His-
tagged proteins, the bacterial cell lysate supernatant was applied to a Ni>*-
nitrilotriacetic acid (NTA)-agarose column (Qiagen, Inc.) equilibrated in sodium
phosphate buffer (SPB; 16 mM Na,HPO,, 4 mM NaH,PO, [pH 6.8]) containing
0.5 M NaCl (SPB-500) and 1% Triton X-100. Unbound and weakly adsorbed
proteins were washed from the affinity gel with 10 column volumes of SPB-500
containing 5 and 30 mM imidazole, successively, and then His-tagged proteins
were eluted at 250 mM imidazole in SPB-500. For in vitro binding reactions,
100-ml cultures of Escherichia coli expressing GST fusion protein were centri-
fuged, resuspended in 400-pl aliquots of binding buffer (BB; phosphate-buffered
saline containing 0.2% Nonidet P-40 and a cocktail of protease inhibitors
[Boehringer Mannheim]), sonicated, and clarified by centrifugation. Aliquots (20
wl) of a glutathione-Sepharose bead suspension were added to the bacterial cell
lysates, followed by incubation for 30 min at 4°C. After an extensive rinsing in
BB, the affinity beads were mixed with 100 to 200 I (100 g of total protein) of
cell lysates (from bacteria or insect cells) containing nontagged or differentially
tagged partner protein and 900 pl of BB, followed by incubation for 2 h at room
temperature. The beads were then washed three times with 500 pl of BB,
resuspended, and boiled in 50 pl of sodium dodecyl sulfate (SDS) sample buffer.
Alternatively, His-tagged proteins were retained on Ni?*-NTA-agarose beads,
and affinity beads were processed as described above by using a magnetic pull-
down device (Qiagen). Protein pull-down experiments were also performed with
affinity-purified proteins, e.g., GST-IN plus EED-441-H6 or H6-IN-WT plus
GST-EED. Pull-down proteins were analyzed by SDS-polyacrylamide gel elec-
trophoresis (PAGE) and immunoblotting.

Gel electrophoresis and immunoblotting analysis. PAGE of SDS-denatured
protein samples and immunoblotting analysis have been described in detail in
previous studies (8, 12, 54). Briefly, proteins were electrophoresed in SDS-
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FIG. 1. Schematic representation of genetic constructs of HIV-1 IN and EED, expressed in yeast (A) or in bacteria (B). The LexA (DNA-
binding) domain and the Gal4 activating domain (AD) are shown by gray boxes, the GST domain by a black box, the His, tag by a gray ellipse,
the IN sequence by an open box, and EED by a hatched box. In panel Ba, deletions in the IN sequence are represented by a solid line. In panels
A and Bb, the point mutations in the EED protein are shown as black bars, with the mutated amino acids indicated above. On the right of panel

Ba, the binding of EED to IN protein (WT or deletants) is indicated by “+” or a “—.”

denaturing, 10% polyacrylamide gel and electrically transferred to nitrocellulose
membrane. Blots were blocked in 5% skimmed milk in Tris-buffered saline
(TBS) containing 0.05% Tween 20 (TBS-T), rinsed in TBS-T, and then succes-
sively incubated with primary rabbit or mouse antibody (working dilutions of
1:1,000 to 1:2,000) and the complementary peroxidase- or phosphatase-labeled
anti-immunoglobulin G (IgG) conjugate (1:1,000).

Antibodies. For detection of EED, IN, and MA proteins by blotting, immu-
nofluorescence, or IEM, the following antibodies were used. Antiserum against
EED was prepared in rabbits by injection of affinity-purified EED protein (54).
Anti-IN rabbit polyclonal antibody was also laboratory-made (42), as well as our

anti-GST rabbit antiserum. For Flag-tagged IN (53), mouse monoclonal anti-
body (MAD) anti-Flag M2 (Kodak) or rabbit polyclonal anti-Flag (Zymed Lab-
oratories, South San Francisco, Calif.) were used. MA protein was detected with
MADb anti-MAp17 (Epiclone 5003 [Cylex, Inc., Columbia, Md.] mapped to
epitope 121-DTGHSSQVSQNY-132) (12) or rabbit polyclonal anti-MA anti-
body (laboratory-made) (39). His-tagged proteins were detected by using mono-
clonal anti-His.Tag antibody (Novagen) specific for N-terminal, C-terminal, and
internal histidine clusters.

Phage-displayed peptide libraries and biopanning. Two filamentous phage-
displayed peptide libraries were used, one consisting of random hexapeptides



12510 VIOLOT ET AL.

(kindly provided by G. Smith [75]), the other of dodecapeptides (BioLabs).
Biopanning of immobilized protein ligate and specific ligand elution of phages
have been described in previous studies (36, 37, 39). Purified protein (e.g., IN)
was immobilized on enzyme-linked immunosorbent assay plates used as the solid
support. Elution of phages was carried out by using the purified partner protein
as a soluble competing ligand (in this case, EED). In the reverse biopanning
experiment, purified EED was coated onto the plate, and IN was used as the
soluble competing ligand. The hexapeptide or dodecapeptide phagotopes were
identified by manual DNA sequencing of the recombinant fUSES5 plII protein
(36, 37) by using the dideoxynucleotide chain termination method, the required
oligonucleotide primers, and the Sequenase kit version 2.0 (Amersham Bio-
sciences).

In vitro HIV-1 IN assays. Recombinant, bacterially expressed, N-terminally
His-tagged HIV-1 IN protein was purified by affinity chromatography (44). IN-
mediated strand transfer was assayed in vitro by using a restriction fragment from
a modified version of plasmid pU3US ((9) as the IN substrate (donor DNA) and
plasmid pBSK-zeo (a 3-kbp pBSK-derived construct in which the amp gene has
been replaced by the zeocine-resistance gene) as target DNA. The donor DNA
(300-bp fragment) contained the 20 terminal base pairs of the HIV-1 5’ and 3’
long terminal repeat (LTR) at each ends, with two-base 5" overhangs generated
by Ndel cleavage. Integration reactions (20 wl, final volume) were performed by
using 10 ng of 3?P-labeled donor DNA, 100 ng of target DNA, and 2 to 5 pmol
of IN (200 to 500 nM, final concentration) in 20 mM HEPES (pH 7.5) buffer
containing 50 mM NaCl, 30 mM MgCl,, 1 mM dithiothreitol, 15% dimethyl
sulfoxide, and 8% PEG-8000. EED and IN proteins (diluted in reaction buffer)
were mixed and preincubated at 0°C for 30 min in molar ratios varying from 1:0.5
to 1:16 in terms of IN:EED stoichiometry. Control reactions were performed
with mock samples consisting of the same chromatographic fraction as the one
containing IN but from bacterial lysates harboring a void plasmid. Donor and
target DNAs were incubated with protein mix for an additional 30 min at 0°C.
Reaction buffer was then added to the mixture to a final volume of 20 pl, and the
reaction was allowed to proceed for 90 min at 37°C. Reaction products were
phenol extracted, ethanol precipitated, and electrophoresed in 1.2% agarose
gels. Agarose gels were dried, autoradiographed, and quantitatively analyzed by
using a Phosphorlmager SI-475 (Molecular Dynamics).

EM and IEM. Cell specimens were included in metacrylate resin, sectioned
and processed for conventional electron microscopy (EM) or IEM according to
previously described methods (8, 29, 54). Cellular localization and possible co-
localization of EED, IN, and MA proteins were analyzed in HIV-infected cells
at different times p.i. by using single, double, or triple labeling with the relevant
primary antibody, followed by the corresponding (anti-mouse or anti-rabbit IgG)
colloidal gold-conjugated complementary antibodies. For IEM, rabbit IgG from
laboratory-made antisera was purified by affinity chromatography by using a
protein A-Sepharose column. MA protein was detected by using mouse mono-
clonal or rabbit polyclonal anti-MA antibodies, EED with rabbit antibody, and
IN with anti-Flag MAb or rabbit anti-IN. In double-labeling experiments, when
a 5-nm-gold-conjugated anti-mouse IgG antibody was used, a 10-, a 15-, or a
20-nm-gold-conjugated anti-rabbit IgG antibody was simultaneously used on the
same cell section. In the triple-labeling experiments, since two primary antibod-
ies belonged to the same species (e.g., the two rabbit anti-MA and anti-EED
antibodies), both sides of the specimens on the grids were successively reacted.
One side was simultaneously incubated with anti-MA rabbit antibody and anti-
Flag(IN) MAD, followed by 10-nm-gold-conjugated anti-rabbit IgG antibody and
5-nm-gold-conjugated anti-mouse IgG antibody. The other side was then incu-
bated with anti-EED rabbit antibody, followed by 20-nm-gold-conjugated anti-
rabbit IgG antibody. To verify that there was no undesired cross-reaction of the
20-nm-gold-conjugated anti-rabbit IgG antibody with primary rabbit IgG bound
to antigens on the first side of the section, stereoscopic views were taken upon
tilting of the microscope goniometer. The 20-nm-gold grains could be seen, by
using stereoscopic glasses, in a plane different from that of 5- and 10-nm gold
grains (as exemplified in Fig. 9). Specimens were examined under a Hitachi
HU7001 or a JEOL 1200-EX electron microscope, the latter equipped with a
MegaView II High-Resolution TEM camera and a Soft Imaging System of
analysis (Eloise, Roissy, France).

RESULTS

The larger isoform of human EED protein is now consid-
ered to be comprised of 441 residues. An ortholog of human
and murine EED has been identified in Xenopus and is called
Xeed (73). As in human EED, the initiator methionine in
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Xeed corresponds to the Met95 codon in the murine ortholog
(mEED) sequence and terminates at residue Arg441, corre-
sponding to Arg535 in mEED (17, 54). From sequence analogy
with insect ESC proteins and mammalian G protein (51), the
full-length sequence of EED larger isoform contains seven
potential WD repeats (54). Compared to WT EED, mutant
EED-Ct348 had lost its last two WD repeats. (see Fig. 1 and
the legend to Table 2).

Interaction of human EED protein with HIV-1 IN in yeast
two-hybrid assays. The HIV-1gi IN, fused to the DNA-
binding LexA protein (BD hybrid), was used in yeast two-
hybrid assays to test the possible interaction with EED protein,
coexpressed as the Gal4 transcription activation domain-fusion
protein AD-EED. WT EED and IN proteins interacted in
yeast with a significant affinity (Fig. 2A), which was ~2-fold
lower than that shown by the strong interactors Raf and Ras
used in positive control samples (Fig. 2B). A weaker, but still
positive B-galactosidase signal (one-third to one-fourth of the
Ras-Raf control level; see Fig. 2B) was also observed with
AD-EED-394AI and AD-EED-399A4 hybrids, two AD-fused
EED mutants defective in MA protein interaction (54). This
finding suggested that the IN-binding region in EED differed
from the MA-interacting site, mapped to residues 294 to 309
(54) (see also the Table 2 footnotes) but that mutations in the
MA-binding domain had some negative effect on the binding
of EED to IN in yeast cells. The possibility that EED could
have activated transcription of the reporter gene indepen-
dently of a bona fide interaction with IN-BD hybrid could be
excluded since no B-galactosidase signal over the background
was detected with the pair of hybrids AD-EED and BD-Ras
(Fig. 2) (54).

Mapping of EED-IN interacting sites by phage biopanning.
When phages are panned on immobilized EED protein and
specific ligand-elution is performed with an excess of affinity-
purified IN, the phagotopes isolated would theoretically be
mimotopes of peptide motifs of IN, since IN acted as a com-
petitor of phages bound to IN-binding sites on EED (36, 37,
39, 54). Two phage libraries were used—one displaying ran-
dom hexapeptides and the other displaying random dode-
capeptides—on the basis that longer peptides could adopt a
conformational structure that would better mimic that of pro-
tein interacting sites. About one-third of the phagotopes re-
covered from both libraries (15 of 50) could be grouped ac-
cording to recurrent peptide motifs that showed some
homology with the C-terminal sequence of IN overlapping
tryptophan-235, within residues 212 to 264 (Table 1). For ex-
ample, motif VLPPK, homologous to 259-VVPRRK in IN, was
found several times. However, we observed a high level of
degeneration and scatter of all of the phagotopes isolated,
suggesting that the EED-binding region in IN had a high de-
gree of three-dimensional organization and/or was constituted
of discontinuous epitopes.

Reverse biopanning experiments were then performed to
obtain mimotopes of the IN-binding site(s) in EED. The 6-mer
library was panned on immobilized IN, and specific ligand
elution was performed with an excess of affinity-purified, His-
tagged EED-441-H6 protein as the specific competitor for
IN-bound phages. The most represented group of phages (14
phages out of 24 independent clones isolated) showed homol-
ogy with hydrophobic and aromatic motifs within residues 96



VoL. 77, 2003

TABLE 1. Mimotopes of IN in phages eluted from EED“

No. of
independent
phages isolated

Phagotope
sequence”

Homologous motif

Library in IN

16-mer WBNI W 1 243- WKGEGAW- 250
EVGPGW 1 229- DSRDPLW 235
AQNFGQ 1 220- | ONFR- 224
LQTFRQ 1 220- | ONFR- 224

12-mer  VLPPKPMRQPVA 3 259- WPRRK- 264
G QVANPPRLYG 2 257- 1 KWWPR- 262
TTGLPLWSFNPS 1 233- PLW 235
SPWRLPTPLT 1 232- DPLWKGP- 238
QLPFKLGPARI D 1 232- DPLWKGPAKL - 241
SHPWNAQREL SV 1 230- SRDPLVK- 236
FSHEL SWKPRKA 1 234- LWKGPAKL- 241
VPTNVQLQTPRS 1 212- ELQKQ T- 218

¢ Peptide motifs in EED-bound phagotopes showing some homology with the
IN sequence are underlined. Note that in a few phages, e.g., SPWRLPTPLT, the
phagotope is sometimes shorter than the expected 12-mer.

® The amino acid sequence of the HIV-1-BRU IN protein is shown below. The
N-terminal domain is made up of the first 50 residues; the C-terminal domain is
made up of last 88 residues. The residues involved in the N-terminal zinc
finger-like domain are in boldface, the catalytic triad D, D, and E in the core
domain is in boldface italics, and the putative region of EED binding (residues
212 to 264) is underlined.

FLDG DKAQD EHEKYHSNWR AVASDFNLPP WAKEI VASC DKCQLKGEAM 50

PG WOQLDCTHLEG KVI LVAVHVA SGYI EAEVI P AETGQETAYF 100
LLKLAGRWPV KTI HTDNGSN FTSTTVKAAC WWMGE KQEFG | PYNPQSQGV 150
VESMNKELKK | | GQVRDQAE HLKTAVQVAV FI HNFKRKGG | GGYSAGERI 200
VDI | ATDI QT KELOKO TKI_ ONFRVYYRDS RDPLVKGPAK LLWKGEGAVWV 250
| ODNSDI KWW _PRRKAKI | RD YGKQVAGDDC VASRQDED- ( 288)

to 104, and the other group (4 phages) showed homology with
hydrophobic and aromatic motifs within residues 224 to 232
(Table 2). These two putative IN-binding regions were located
in the N-terminal moiety of EED and apparently did not over-
lap with the MA-binding site at positions 294 to 309, which
confirmed the results of our two-hybrid assays in yeast (Fig. 2).

EED-IN interaction in vitro analyzed by mutagenesis and
pull-down assays. Samples of bacterial cell lysates containing
various forms of GST-IN fusion protein (Fig. 3a) were incu-
bated with EED-441-H6 protein, and the resulting complexes
were isolated on a glutathione-agarose affinity gel. As shown in
Fig. 3b, the binding of full-length WT IN to EED in vitro
confirmed the data from our yeast two-hybrid assays and im-
plied that IN and EED proteins could directly interact with
each other, without any requirement for a third partner pro-
vided by the yeast cell. The possibility that some nucleic acid or
protein bridge could link IN and EED in this assay was ruled
out on the basis of the following experimental arguments. (i)
IN interacted with EED in vitro not only in crude bacterial
lysates but also as two affinity-purified recombinant proteins.
(ii) In all cases, the bacterial cell lysates from which each
protein was recovered were first treated with a broad-spectrum
endonuclease from S. marcescens (Benzonase; Sigma) that is
specific for both single- and double-stranded RNA and DNA
substrates. (iii) UV spectrum analyses performed on EED and
IN recombinant proteins revealed no detectable nucleic acid
contamination, as shown by A280/A260 ratios consistently
found to be greater than 1.9.

In order to map the EED-binding region(s) in IN, eight
individual deletions scanning the N- and C-terminal structural
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domains of IN and a double mutant mimicking the IN central
core (56) were generated in GST-tagged IN protein (Fig. 1Ba),
and the EED-binding capacity of these mutants was evaluated
in pull-down assays. Deletions in the N-terminal domain of IN
had no negative effect on its binding to EED, and even a slight
enhancing effect was observed (Fig. 3b, compare clones 1-288
and N-81), implying that the presence of the N-terminal do-
main negatively influenced the apparent affinity of IN for EED
in vitro. The C-terminal deletion mutant GST-IN-C-273 bound
to EED at WT levels, whereas further deletion of residues 273
to 202, as in mutant C-201, reduced the binding to background
levels. Likewise, the double-mutant D58-201, which repre-
sented the IN core domain (80), bound to EED to insignificant
levels (Fig. 3b). The C-terminal region from residues 202 to
273 included the two overlapping sequences from positions 220
to 250 and positions 212 to 264 defined by our biopanning data
(Table 1), and this finding confirmed that the C-terminal do-
main of IN was essential for the IN-EED interaction in vitro.

Since the most represented phagotope retained on immobi-
lized IN corresponded to the sequence 99-VQFNWH-104 in
EED (Table 2), a nonconserved mutation in three prominent
amino acid residues of this motif was constructed: the bulky
tripeptide motif WHS at position 103 to 105 was replaced by a
stretch of three alanine residues to generate the EED-103A3
mutant (see Fig. 1Bb). Since this mutation could alter the
immunoreactivity of the resulting EED mutant protein, the
EED-103A3 mutant was assayed for IN binding as the fusion
protein GST-EED-103A3, in comparison with its GST-EED
WT counterpart. H6-IN-WT was used as the bait, Ni**-aga-
rose gel as the trap, and EED proteins were detected by their
GST tag by using anti-GST antibodies. EED-103A3 mutant

TABLE 2. Mimotopes of EED in phages eluted from IN“

No. of .
Group E:gfg;zgf indepe_ndent Homc;LoIgE(glls)monf
phages isolated
1 VAEVHG 5 99- VQFNWH 104
FEGTK 3 96- LFGV- 99
FEQW\E 2 96- LFGVQFNWHS- 105
GANWPS 2 102- NWHS- 105
QO 1 100- QFNW 103
MFEVEF 1 96- LFGVQF- 101
11 ATVLYG 1 224- TLVAI FG 230
VRYGP- 1 226- VAl FG 230
Al AYI G 1 227- Al FGG 231
ALFLW 1 227- Al FGGV- 232

“ Peptide motifs in IN-bound phagotopes showing homology with the EED
sequence are underlined.

® The amino acid sequence of the human EED WT protein is shown below.
The seven putative WD repeats are underlined. The N-terminal domain within
residues 31 to 63 shows some sequence homology with consensus PEST motifs.

VBEREVSTAP AGTDMPAAKK QKLSSDENSN PDLSGDENDD AVSI ESGTNT
ERPDTPTNTP NAPGRKSWEK GKVKSKKCKY 80
SFKCVNSLKE DHNOPLFGVO FNWHSKEGDP LVFATVGSNR VTLYECHSQG
El RLLQSYVD_ADADENFYTC AWYDSNTSH 160
PLLAVAGSRG | 1 RI I NPI TM QCl KHYVGHG NAI NELKFHP RDPNLLLSVS
KDHALRLWNI  QTDTLVAI FG GVEGHRDEVL 240
SADYDLLGEK | MSCGVDHSL KLWRI YSKRM MNAI KESYDY NPNKTNRPFI
SQKI HFPDFS TRDI HRNYVD CVRW.GDLI L 320
SKSCENAI VC WKPGKMQDDI  DKI KPSESNV Tl LGRFDYSO CDI WYMRFSM
DFWOKMLALG NOVGKL YVW DLEVEDPHKAK 400

CTTLTHHKCG AAI ROTSFSR DSSI LI AVCD DASI WRWDRL R- (441) .
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FIG. 2. Interaction of EED and HIV-1 IN in vivo. (A) The affinity
of EED (WT or mutants EED-300 and EED-305) for IN was analyzed
in yeast by using a two-hybrid assay. IN (or Ras) was cloned in fusion
with LexA protein (BD hybrid), and EED (or Raf) was cloned in
fusion with the Gal4 activation domain (AD hybrid). The B-galactosi-
dase activity of yeast transformants plated on medium without histi-
dine and replica plated on Whatman filters is shown. The results of
three independent experiments are shown. Growth in the absence of
His and blue color in the B-Gal assay are indicative of interaction
between hybrid proteins in yeast cells. Positive controls involved BD-
Ras and AD-Raf hybrids as strong interactors, and negative controls
consisted of BD-IN and AD-Raf and of BD-Ras and AD-EED hy-
brids, respectively. (B) Quantification of B-galactosidase activity in
yeast transformants harboring EED and IN hybrids is expressed as the
percentage of the BD-Ras plus AD-Raf activity. beta-Gal, B-galacto-
sidase.

was still capable of binding to IN, although with a lower effi-
ciency (two- to threefold; Fig. 3d and e). This suggested that at
least one of the IN-binding sites mapped to residues 103 to 105
in EED but that additional IN contact sites could also be
present in other domains of EED, as suggested by our phage
biopanning (Table 2).

One of the striking features of Pc-G gene eed products is
their high degree of conservation at the protein level in mam-

J. VIROL.

mals, implying that all amino acid residues of EED are impor-
tant for their biological functions (51, 68). Thus, it has been
shown that the integrity of the last WD repeat of Pc-G proteins
is highly critical and that even short deletions at the C terminus
are detrimental to their activity (51, 76). Consistent with this,
the C-terminal deletion mutant EED-C348 was found to bind
to the IN-affinity gel at very low levels (Fig. 3d), indicating that
the C-terminal fourth of EED was crucial for its interaction
with IN, directly or indirectly, via EED conformation and
structure stabilization.

Influence of EED on HIV-1 IN activity in vitro. The enzy-
matic activity of IN was assayed in reactions of DNA integra-
tion in vitro in the presence or absence of affinity-purified
recombinant EED protein. In IN assays, homologous integra-
tion (or autointegration) refers to the integration of one 5’ +3’-
LTR-containing DNA donor fragment into another (Fig. 4a,
band i), whereas heterologous integration (or hetero-
integration) corresponds to the insertion of one (or more)
5'+3’-LTR-containing fragment(s) into one plasmid target
(9). In the absence of EED, several discrete bands of hetero-
integration products were usually observed: a major band (Fig.
4a, band iii) corresponded to single-tagged circles, resulting
from one single integration event per plasmid target, mediated
by one LTR (one-ended integration) (10); faster-migrating
minor band(s) represented concerted integration events
involving two LTRs (Fig. 4a, band ii) and resulting from the
insertion of two donors into one target DNA molecule with
subsequent linearization (two one-ended concerted integra-
tion) and, more rarely, from the two-ended concerted integra-
tion of a single donor fragment into target DNA (10). When IN
reactions were performed under conditions in which the major
band of single-tagged circles (band iii) was the only detectable
signal (Fig. 4a, control lane 1), the addition of WT EED
provoked an increase in the intensity of autointegration prod-
ucts (band i) and heterointegration products corresponding to
single-tagged circles (band iii) (Fig. 4a). The effect became
detectable for EED/IN ratios over 2:1 and seemed to occur in
a dose-dependent manner, with a twofold augmentation
obtained at a ratio of EED to IN of 8:1 (Fig. 4c). However, a
20- to 30-fold augmentation of the putative two one-ended
concerted integration products (band ii) was observed within
EED/IN ratios ranging from 4:1 to 8:1 (Fig. 4a and c). The
same patterns were observed with affinity-purified, WT EED-
441-H6 and GST-EED-441, the latter being cleaved off the
GST domain. No detectable enhancing effect was observed
with corresponding chromatographic fractions from mock-
expressing bacterial cells (not shown) or with the deletion
mutant protein EED-C348, which provoked a slight and prob-
ably nonspecific negative effect at high concentrations (Fig.
4b). This pattern confirmed the interaction between EED and
IN proteins in vitro, with a secondary influence on the enzy-
matic activity of IN.

In situ analysis of IN, EED, and MA proteins in HIV-1-
infected cells. Human epithelial HeLa CD4" cells (P4P56
cells) (52) and lymphoid MT4 cells were infected with BRU-
FlagWT, a subclone of HIV-15,; expressing a Flag-tagged IN
(53). Negative control samples consisted of mock-infected cells
or cells incubated with BRU-FlagAEnv, a noninfectious env-
deleted mutant used as control for nonspecific HIV-cell inter-
action. Cells were harvested at 1.5, 6, or 24 h p.i. and processed



VoL. 77, 2003

(a) GST-IN
O N ~
NN SO D
F S EE LTS &
N o —
- .
(b) <)
EED-H6 EED-H6
- i & o180
R
EED-HG - “ b b QD e - : - o3
- 50
N N N S O &
°é\(£°°§£ FEF P B o>
N N 1 “ -4
L GST-IN J EED-H6 m
trap Input
(d) ¢(\\ (e) S
N &)
& P & & P
& & & o & &
kba m < ¥ < w & & &
180—
130.
115
100.

GST-EED —— s S GST-EED = e
76 S

o >

52 =

50—

L— H6-IN — —GST-EED—
trap input

FIG. 3. Interaction of EED and HIV-1 IN in vitro. The affinity
between EED and IN and their respective mutants was analyzed by
GST and histidine pull-down assays with glutathione-agarose (a to c)
and Ni**-NTA-agarose (d and e) as affinity gels. In panels a to c,
aliquots of GST-fused full-length IN (i.e., positions 1 to 288), N-
terminal (N), C-terminal (C), and double-deletion (D) mutants, as
displayed in panel a, were immobilized on a glutathione-agarose
gel, and the affinity gels were incubated with aliquots of bacterial
cell lysates containing 10 g each of full-length, His-tagged EED
(EED-H6). The amount of EED-H6 protein retained on GST-IN-
glutathione-agarose gel was then evaluated by SDS-PAGE and immu-
nodetection on a blot with anti-His tag MAb as shown in panel b. In
panel c is shown EED-H6 input (10-pg protein load; Coomassie blue
staining). Note that in panel a, the pattern of anti-GST reacting bands
is highly suggestive of a major proteolytic cleavage site located in the
C-terminal domain of IN, within region 288-273: a prominent lower
band migrating with a constant apparent molecular mass ~2 kDa
lower than that of the original GST-IN gene products (marked by solid
dots) is visible in samples of full-length and N-deleted forms of GST-
IN, whereas this band is absent from the C-truncated or double-
truncated GST-IN clones. In panels d and e, the GST-fused, full-length
EED, point mutant EED-103A3 and C-terminal deletion mutant
EED-C348 were incubated with aliquots of His-tagged IN (H6-IN)
adsorbed onto an Ni*"-agarose gel, and the amount of GST-EED
protein retained on the H6-IN-Ni**-agarose gel was determined by
SDS-PAGE and immunoblotting with anti-GST polyclonal antibody
(panel d). (e) GST-EED protein input (2-pg protein load per well;
Coomassie blue staining).

for EM and IEM. For IEM analysis, cell specimens were re-
acted with monoclonal anti-Flag(IN), polyclonal anti-EED,
and monoclonal anti-MA MAbs and, occasionally, with
anti-CA monoclonal or anti-MA polyclonal antibodies, as in-
dicated. Antibodies were used in single-, double-, or triple-
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FIG. 4. Effect of EED WT (a and c) and deletion mutant EED-
C348 (b) on IN-mediated integration reaction in vitro. The respective
IN/EED stoichiometric ratios are indicated at the tops of panels a and
b. Control reactions were performed in the absence of EED (lane 1) or
in the absence of IN (lane 2). The positions of autointegration prod-
ucts (band i) and heterologous integration products (bands ii and iii)
are indicated by brackets on the left. As inferred from previous studies
(10, 31), the minor band (band ii [(J]) is likely to represent the product
of two one-ended concerted integration followed by linearization,
whereas the major band (band iii [O]) represents single-tagged target
circles. (b) Integration reaction performed in the presence of EED-
C348 mutant. Only heterointegration products are shown. (c¢) Quan-
tification of counts recovered from auto- and heterointegration prod-
ucts of IN reactions performed in the presence of EED-WT (mean of
three experiments * the standard deviation).

immunolabeling reactions with their corresponding comple-
mentary gold-tagged anti-IgG antibody.

At 1.5 h p.. in mock-infected or BRU-FlagAEnv-reacted
cells, the cytoplasm and nucleus were poorly labeled with anti-
MA, anti-CA, and anti-Flag(IN) antibodies, and the immuno-
labeling corresponded to background reactivity (not shown). In
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FIG. 5. IEM analysis of human MT4 (a) and HeLa-CD4™ (P4P56) (b) cells infected with Flag-tagged IN-containing HIV-1 (BRU-FlagWT;
multiplicity of infection of 1,000 virions/cell) obtained at 1.5 h p.i. In panel a, MA and CA proteins were detected by a mix of anti-MA and anti-CA
MAbs, followed by 10-nm-colloidal-gold-tagged anti-mouse IgG antibody. The immunogold-labeled globular structures bound to the cell surface
had diameters compatible to those of HIV-1 virions (110 to 130 nm). In P4P56 cells (panel b), the Flag-tagged IN protein was detected by using
anti-FLAG MAD (M2), followed by 10-nm-colloidal-gold-tagged anti-mouse IgG antibody. Note that the two gold-labeled globular structures that
were 60 to 80 nm in diameter visible in the nucleus in the vicinity of the nuclear membrane had dimensions compatible with those of the PIC. PM,
plasma membrane; C, cytoplasm; N, nucleus; NM, nuclear membrane; PM, plasma membrane. Bars: 166 nm (a), 100 nm (b).

BRU-FlagWT-infected cells, however, virus particles were vis-
ible in numbers at the cell surface as roughly spherical struc-
tures of 120 to 140 nm in diameter that were double labeled
with anti-MA and anti-CA antibodies (Fig. 5a). These plasma
membrane-associated particles were no longer seen at later
times, i.e., at 6 and 24 h p.i.. Within the cells, anti-Flag(IN)

antibody-labeled globular structures that were 60 to 80 nm in
diameter were visible in significant numbers in the nucleo-
plasm and frequently seen in the vicinity of nuclear pores (Fig.
5b). Their immunoreactivities and sizes were compatible with
those of PICs, which have been reported to be ca. 56 nm in
average diameter (49). At 1.5 h p.i., EED labeling was found to
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FIG. 6. In situ analysis by IEM of EED and MA proteins in HIV-1-infected MT4 cells taken at 6 h p.i. (a) Mock-infected cells; (b)
BRU-FlagWT-infected cells. Cell sections were simultaneously labeled with rabbit anti-EED, detected by using a 10-nm-colloidal-gold-conjugated
anti-rabbit IgG antibody, and with anti-MA MADb, detected by a 5-nm-colloidal-gold-conjugated anti-mouse IgG antibody. In panel a, a general
view of the cell is shown. In panel b, an area of the nucleoplasm is presented, showing colocalization of 5-nm (MA) and 10-nm (EED) gold grains,
associated with electron-dense material. Cy, cytoplasm; Nu, nucleus; PM, plasma membrane; NM, nuclear membrane. Bars: 200 nm (a), 100 nm (b).

be evenly distributed between the cytoplasm and the nucleus
and randomly dispersed in both compartments, with no appar-
ent difference between control cells, mock-infected cells, and
BRU-FlagAEnv-treated cells (IEM images not shown; refer to
data in Fig. 10a and b).

Double labelings of MT4 and P4P56 cells were then per-
formed to detect a possible colocalization of IN, EED, and
MA, pairwise, in the cytoplasm or nucleus at later times p.i. In
control cells (mock-infected or BRU-FlagAEnv-treated cells),
double immunolabeling with anti-EED (revealed by 10-nm-

gold-tagged conjugate) and anti-IN (5-nm gold grains) or with
anti-EED (10-nm gold grains) and anti-MA (5-nm gold
grains), respectively, showed that grains of both diameters
were randomly distributed in the cytoplasm and nucleoplasm,
with no indication of a preferred localization or colocalization
at 6 and 24 h p.i. (Fig. 6a and 7a).

The results were different in BRU-FlagWT-infected cells
(Fig. 6b). Many patches of electron-dense material were dou-
ble labeled with anti-MA and anti-EED antibodies in the nu-
cleus of infected cells taken at 6 h p.i. This finding confirmed



FIG. 7. In situ analysis by IEM of EED and IN proteins in HIV-1-infected human cells at 6 h p.i. Mock-infected MT4 cells (a) and
BRU-FlagWT-infected MT4 cells (b) and HeLa-CD4 ™" cells (P4P56) (c) are shown. Cell sections were simultaneously labeled with anti-EED rabbit
antibody, detected by using a 10-nm-colloidal-gold-conjugated anti-rabbit IgG antibody, and with anti-Flag(IN) MAb (M2), detected by using a
5-nm-colloidal-gold-conjugated anti-mouse IgG antibody. Panel a presents a general view of the cell section. Panels b and ¢ show enlargements
of sections of nuclear membrane with flanking areas of nucleoplasm and cytoplasm. Cy, cytoplasm; Nu, nucleus; PM, plasma membrane; NM,
nuclear membrane. Bars: 333 nm (a), 142 nm (b), 125 nm (c).
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FIG. 8. IEM analysis of colocalization of EED and IN proteins at or near the nuclear pores of BRU-FlagWT-infected MT4 cells obtained at
6 h p.i. The different panels present various areas of cell sections showing nucleoplasm and nuclear pores. Specimens were labeled with rabbit
anti-EED, detected by using a 20-nm-colloidal-gold-conjugated anti-rabbit IgG antibody, and anti-Flag(IN) MAD, detected by using a 5-nm-
colloidal-gold-conjugated anti-mouse IgG antibody. Cy, cytoplasm; Nu, nucleus; NPC, nuclear pore complex. Bars: 200 nm.

the colocalization of EED and MA proteins already observed
in recombinant protein coexpressing insect and human cells
(54). Likewise, a pattern of colocalization was observed for IN
and EED in BRU-FlagWT-infected MT4 (Fig. 7b) and P4P56
(Fig. 7c) cells taken at 6 h p.i. and double-immunolabeled with
anti-IN and anti-EED antibodies. Colocalizations of IN and
EED were mainly observed in the nucleus (Fig. 7c) but were
also observed in the cytoplasm in close vicinity to the nuclear
membrane (Fig. 7b). IN-EED colocalizations were frequently
seen at or near the nuclear pores (Fig. 8). In most of these
observations, the clusters of EED- and IN-bound grains were
found to be associated with electron-dense material in the
nucleoplasm or at the nuclear pores (Fig. 6 to 8). IN-EED
colocalizations were no longer observed at 24 h p.i.

In order to detect a possible colocalization of the three
proteins IN, EED, and MA, triple-immunolabeling experi-
ments were also performed with anti-EED (revealed by 20-nm
colloidal gold grain), anti-MA (10-nm colloidal gold grain),
and anti-IN (5-nm colloidal gold grain) antibodies on sections

of BRU-FlagWT-infected MT4 and P4P56 cells. Many clusters
of gold grains of the three different diameters were found in
nuclei at 6 h p.i. (Fig. 9). Such triple colocalizations were never
observed in control samples, mock-infected cells, and BRU-
FlagAEnv-treated cells. Our IEM data therefore suggested
that IN, MA, and EED proteins could form ternary complexes
and/or participate together in higher-order complexes in vivo
within the nucleus of HIV-1-infected cells at early times p.i.
Quantitative IEM analysis of the cellular distribution and
colocalization of IN, EED, and MA proteins in HIV-1-infected
cells. To further analyze the distribution of EED, IN, and MA
proteins in the cellular compartments in a semiquantitative
and kinetic manner, sections of control or HIV-1-infected
P4P56 or MT4 cells were separately reacted with rabbit anti-
EED, anti-IN and anti-MA IgG, followed by 10-nm-gold con-
jugated anti-rabbit IgG antibody in single immunogold labeling
experiments. Gold grains were counted by using EM in several
sections of independent cells taken at time intervals during
HIV-1 infection. At least 400 grains were counted on 20 dif-
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ferent cell sections, and the variations of the density of grains
(number of grains per unit surface area of cell section) in the
cytoplasm (Fig. 10a) and nucleus (Fig. 10b) were compared
during the course of infection. Backgound labeling was given
by mock-infected cells reacted with the same primary and
gold-conjugated secondary antibodies (zero time point).

In HIV-1-infected cells, MA labeling was detected as early
as at 1.5 h p.i. in both cytoplasm (Fig. 10a) and nucleus (Fig.
10b). The MA signal decreased to background levels at 6 h p.i.
in the cytoplasm but was still observed at significant levels in
the nucleus until 6 h p.i. In the cytoplasm, the IN labeling was
not significantly higher than the background level at any time
p.i. (Fig. 10a). In the nucleus however, IN signal was detected
at 1.5 h p.i. and reached a maximum level at 6 h p.i., suggesting
a higher number, or better accessibility, of IN molecules at this
time of the virus cycle (Fig. 10b; see also Fig. 5b). The level of
EED labeling remained almost constant throughout the time
period in both cytoplasmic and nuclear compartments (Fig.
10a and b). No significant variation and increase over the
background labeling was observed in BRU-FlagAEnv-infected
P4P56 or MT4 cells for the three markers, MA, IN, and EED,
during the same time period (background line; Fig. 10c).

Colocalization of EED, IN, and MA proteins was also quan-
titavely evaluated by EM by counting neighboring grains on
sections from cells taken at different times p.i. and subjected to
triple immunolabeling with specific monoclonal and polyclonal
antibodies (see, for example, Fig. 9). This quantitative assay
was based on the following principle. The size of an antibody
molecule under EM is ca. 15 nm and, in our IEM analyses,
primary and secondary gold-labeled antibody molecules were
used. Thus, if one antibody is labeled with a 10-nm gold grain
and the other one is labeled with a 20-nm grain and if both gold
conjugations occurred at their respective Fc domains, the two
gold grains that are 90 nm apart (15 + 15 + 10 + 15 + 15 +
20 nm) might theoretically mark two adjacent epitopes carried
by the same protein molecule or, alternatively, two epitopes
belonging to two neighboring molecules. Since epitopes on
interacting proteins could lie at a certain distance from each
other, one could reasonably consider that immunogold grains
that are seen within a distance range of 100 to 120 nm would
mark molecules that colocalize in the same cell compartment.

Using this quantitative method, we observed no significant
colocalization of grains marking EED, MA, and IN in the
cytoplasm and nucleus of mock-infected cells or in cells incu-
bated with BRU-FlagAEnv (Fig. 10c). Likewise, colocalization
of gold grains marking IN, MA, and EED was rarely observed
in the cytoplasm of BRU-FlagWT-infected cells at early times
p.i. (e.g., 1.5 h p.i.), and no statistical analysis could be per-
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formed (results not shown). The results were different for the
nuclei of BRU-FlagWT-infected cells, which showed clusters
of double and even triple colocalizations with a significant
frequency (Fig. 10c). An average value of three colocalization
events per square micrometer of nucleoplasm area was found
for the pair IN-MA at 1.5 h p.i., but no other pairwise colo-
calization (IN-EED or MA-EED) was found in significant
numbers. At later times, no more colocalization of IN and MA
was observed. At 6 h p.i.,, a mean value of two colocalization
events per square micrometer was found for IN and EED, and
triple colocalization of EED, IN and MA occurred at an aver-
age frequency of one event per square micrometer of nucleus
section area (Fig. 10c). No detectable double or triple colocal-
izations were detectable at 24 h p.i. This finding suggested that
the time point of 6 h p.i. represented the phase of the virus
cycle when significant numbers of EED, IN, and MA molecules
were in close vicinity within the nucleus of HIV-1-infected
cells. Alternatively, it could mean that the intranuclear micro-
environment that allowed for a maximal immunoreactivity and
accessibility of the three proteins took place at 6 h p.i.

DISCUSSION

We found here that human EED, a Pc-G protein, can inter-
act with HIV-1 IN both in vitro and in vivo in yeast. Using
deletion mutagenesis and phage biopanning, we mapped the
major EED-binding sites to the C-terminal domain of IN. In
vitro, we observed an apparent positive effect of EED on IN-
mediated integration reaction. We hypothesize that this effect
was indirect: the interaction of EED with IN could promote
the oligomerization of IN molecules, which would in turn favor
the integration process. In situ analysis of EED and IN cellular
localization was performed on HIV-1-infected human epithe-
lial (HeLa CD4™") or lymphoid (MT4) cells by using IEM and
differential immunogold labeling. We found that EED and IN
colocalized within the nucleus of HIV-infected cells, a phe-
nomenon that was mainly observed at early times p.i. (1.5 to
6 h). Triple-immunolabeling experiments showed that the MA
protein, another viral protein partner of EED (54), was also
detected in significantly frequent associations with both EED
and IN proteins in the nucleus at early times p.i., suggesting the
occurrence of ternary complexes involving EED, MA, and IN.
Although the role of EED protein in the HIV-1 life cycle is not
known, our data suggest that EED could be involved in some
cellular function(s) necessary for and/or induced by early steps
of the virus-host cell interaction. The fact that we never ob-
served any cellular colocalization of EED, IN, and MA in cells
infected with HIV-1 in the presence of virus inhibitor AZT

FIG. 9. In situ analysis by IEM of IN, EED, and MA proteins by using triple immunogold labeling of EM sections of BRU-FlagWT-infected
human cells taken at 6 h p.i. (a) MT4 cell nucleoplasm; (b to d) HeLa CD4™" cell (P4P56) nucleoplasm. In a first step, one side of the grid carrying
the cell pellet section was simultaneously reacted with mouse anti-Flag(IN) MAb and rabbit anti-MA antibody and then with a mix of
5-nm-gold-conjugated anti-mouse IgG antibody and 10-nm-gold-conjugated anti-rabbit IgG antibody. In a second step, the other side of the grid
was incubated with rabbit anti-EED antibody, detected by using a 20-nm-gold-conjugated anti-rabbit IgG antibody. (¢ and d) Stereoscopic view
of a portion of P4P56 cell nucleus, taken upon tilting the microscope goniometer, showing clusters of grains 5 nm (IN), 10 nm (MA), and 20 nm
(EED) in diameter, in association with electron-dense nucleoplasmic material. By using stereoscopic glasses and aiming at the dotted line
separating panels ¢ and d, one can see that the 20-nm gold grains belong to a plane different from that of the 5- and 10-nm grains and that there
was no cross-labeling between anti-MA (top side of the specimen) and anti-EED primary IgG (bottom side of the specimen) by the secondary

anti-IgG antibody. Bars: 100 nm (a and b), 166 nm (c and d).
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FIG. 10. Quantitative image analysis of intracellular distribution (a
and b) and nuclear colocalization (c) of EED, MA, and IN proteins in
HIV-1-infected MT4 cells. Cells infected with BRU-FlagWT, or its
noninfectious, envelope-deleted version BRU-FLAGAEnv, were har-
vested at different times p.i. as indicated on the x axis. (a) Cytoplasm;
(b and ¢) nucleus. In panels a and b, gold grains were counted on cell
sections after single labeling with affinity-purified anti-EED, anti-MA,
or anti-IN rabbit antibodies, respectively, followed by 10-nm-gold-
tagged anti-rabbit IgG antibody. Background labeling for IN and MA
proteins was given by the number of grains per square micrometer on
mock-infected cell sections (zero point). In panel ¢ are shown the
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(data not shown) suggests that the role played by EED in the
virus cycle would require the step of proviral DNA synthesis.
Since EED is a partner of two viral proteins—MA, which has
both structural and functional roles at the early stages of the
cycle (23), and IN, which is responsible for proviral integra-
tion—one might envisage EED as a possible participant in at
least two major retroviral processes: the intracellular transport
of incoming virions and/or the proviral integration.

In spite of a number of studies (2, 13, 16, 24-27, 35, 40, 48,
49, 52, 84, 85), the cellular and viral factors that control the
reaction and the site(s) of integration of HIV-1 proviral DNA
still remain incompletely elucidated. The integration process is
better understood at the molecular level for retrotransposons,
such as Ty5, which integrates into regions of silent chromatin
via yeast proteins Sir (86). Like the Sir proteins in yeast, the
products of many Pc-G genes are responsible for the mainte-
nance of the silent state of chromatin in upper eukaryotes,
likely by recruitment of histone deacetylases (reviewed in ref-
erence 55). Thus, the transcriptional repression by EED has
been recently reported to involve histone deacetylation (79).
Likewise, in murine neurons, EED has been shown to colocal-
ize with histone H1 in transcriptionally inactive domains of
perinucleolar heterochromatin (1). The function of Pc-G pro-
teins as transcriptional repressors and gene silencers (17, 33,
51, 63, 67, 74) has been attributed in several cases to direct
interaction with transcription factors rather than to direct
DNA binding (3, 64). For example, EED has been found to
bind to YY1, a vertebrate DNA-binding protein (4), and a
stable, if only transient, interaction between EED, EZH2 (en-
hancer of Zeste 2) (70), YY1, and histone deacetylase has been
suggested (62). An indirect physical link has therefore been
established between EED and the DNA of target chromatin
regions via the DNA-binding protein YY1 (62).

In light of the latest results on HIV-1 integration into tran-
scriptionally active regions of the host genome (66, 83), an
attractive hypothesis would be that intranuclear interaction
occurring between the viral proteins MA and IN on one side
and the cellular protein EED on the other side might dereg-
ulate silent cellular genes by releasing the binding of EED to
YY1 (or other factors involved in the transcription machinery),
by modifying the acetylation state of histones, or by both of
these processes. This would then activate the integration pro-
cess of the proviral DNA. However, it is important to note that
YY1 is a multifunctional transcription factor which, under
certain circumstances, can act as a transcriptional repressor
(72).

Alternatively, but not exclusively, there may be a role in the
intracellular transport and nuclear translocation of the PIC for
EED. As a component of a multifactor transport complex,
EED might act as a shuttle protein to convoy the viral PIC to
the nucleus via its binding to MA and IN. Only a few cellular
proteins have been identified thus far as involved in the trans-
port of HIV-1 PIC. A DNA targeting function has been as-
signed to the product of the INII gene (40), a cellular inter-

results of triple-labeling experiments (see, for example, Fig. 9). The
baseline on the right corresponds to the data obtained with BRU-
FLAGAEnv (HIV-1AEnv).
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actor of HIV-1 IN that seems to also act in late events in the
viral life cycle (84). It has been shown that HIV-1 PIC recruits
INI1 and PML proteins within the cytoplasm, and this complex
could facilitate the integration via the recruitment of addi-
tional cell factors, such as the PML-binding CBP/p300 (78).
Interestingly, a protein similar to EED, called WAIT-1 (WD
protein associated with integrin cytoplasmic tails-1) (61), has
been found to interact with the cytoplasmic domain of the
integrin B7 subunits, and a shuttling of WAIT-1/EED between
membrane-associated B7 integrins and the nucleus has been
suggested (61). The B7 cytoplasmic domain is involved in ma-
jor integrin functions such as receptor affinity and signaling
(15, 46). It is noteworthy that, among the B7 subfamily mem-
bers, «EB7 integrin is restricted to a subset of gut-associated T
lymphocytes and dendritic cells (61). The frequent occurrence
of EED and IN double labeling at nuclear pore complexes, as
observed in our IEM study, would support a shuttling function
for EED. Further investigations by cell fractionation of HIV-
1-infected cells, overexpression versus synthesis inhibition of
EED in HIV-infected cells, and isolation of dominant-negative
mutants of EED would help elucidate the role(s) of cellular
EED protein in HIV-1 infection.
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